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Limited studies dealt with the expansive unsaturated soils in the case of large-scale model close to the
ﬁeld conditions and therefore, there is much more room for improvement. In this study, expansive
(bentoniteesand (BeS) mixture) and non-expansive (kaolin) soils were tested in different water contents
and dry unit weights chosen from the compaction curve to examine the effect of water content change
on soil properties (swelling pressure, expansion indices, shear strength (soil cohesion) and soil suction)
for the small soil samples. Large-scale model was also used to show the effect of water content change on
different relations (swelling and suction with elapsed time). The study reveals that the initial soil con-
ditions (water content and dry unit weight) affect the soil cohesion, suction and swelling, where all these
parameters slightly decrease with the increase in soil water content especially on the wet side of opti-
mum water content. The settlement of each soil at failure increases with the increase in soil degrees of
saturation since the matric suction reduces the soil ability to deform. The settlement observed in BeS
mixture is higher than that in kaolin due to the effect of higher swelling observed in BeS mixture and the
huge amount of water absorbed which transformed the soil to highly compressible soil. The matric
suction seems to decrease with elapsed time from top to bottom of tensiometers due to the effect of
water ﬂowing from top of the specimen. The tensiometer reading at ﬁrst of the saturation process is
lower than that at later period of saturation (for soil sample BeS3, the tensiometer #1 took 3 d to drop
from 93 kPa to 80 kPa at early stage, while the same tensiometer took 2 d to drop from 60 kPa to 20 kPa).
 2016 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Swelling of soil is a very important parameter for evaluation of
the performance of foundations resting on it. Suction, on the other
hand, is another important parameter affecting the behavior of
unsaturated soil. Understanding the relation between the two
important parameters could be helpful in providing the required
information for designing the shallow foundations on expansive
unsaturated soils. Designing such kind of foundation is commonly
using the classical methods for saturated soils in the worst case
condition, neglecting any effect of soil suction. This design method
of the shallow foundations could be uneconomical. On the other).
f Rock and Soil Mechanics,
s, Chinese Academy of Sciences. Pr
y-nc-nd/4.0/).hand, the performance of foundation on expansive unsaturated soil
is a function of soil suction and moisture condition (Abed, 2008).
Bentonite is a geologic rock formed by chemical weathering of
volcanic ashes. The bentonite clay and black cotton soil belong to
the montmorillonite group, and basically the deﬁnition of mont-
morillonite is applicable to the bentonite as well. However, the
bentonite contains other minerals except montmorillonite in small
portions like feldspar, quartz, gypsum, or pyrite (Fredlund et al.,
1980). There are two main types of bentonite, i.e. the Na-
bentonite and the Ca-bentonite. The ﬁrst one has the greatest
ability to swell (Athanassopoulos, 2011).
Mitchell (1993) showed that soil swelling happens due to the
following factors:
(1) Capillary imbibitions. The surface tension caused by air in the
unsaturated soil and the soil suction cause water adsorption
to the soil system.
(2) Osmotic imbibitions. The double-layer acts as a semi-
permeable membrane with difference in the ion’soduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
M.Y. Fattah, A.H.S. Al-Lami / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 629e639630concentration inside and outside of it, causing water ﬂow
and an increase in soil volume.
(3) Hydration of exchangeable cations. As described previously,
the cations are attracted to the negatively charged soil sur-
face, causing an increase in double-layer volume. Then these
cations will be hydrated, causing an increase in ion’s volume
and as a result an increase in soil volume. The attachment of
negative charges to the soil surface causes an increase in
double-layer volume. This is not the only reason for the in-
crease in double-layer volume. The presence of salts in the
water also leads to increase in double-layer volume.
(4) Van der Waals forces. These forces are secondary in-
directional forces and slightly stronger than the hydrogen
bonding, and they connect the montmorillonite sheets.
When adsorption of water happens, the repulsion between
these forces will happen, leading to an increase in soil
volume.
Komine and Ogata (1996) described the swelling mechanism of
compacted bentonite as follows:
(1) Before the water uptake, the voids are ﬁlled with air and
water. During the water uptake, water is absorbed by the
interlayer of montmorillonite, causing an increase in its
volume. After the water uptake, voids will be ﬁlled by the
swollen montmorillonite.
(2) The bentonite can swell under vertical pressure. The mont-
morillonite within the bentonite will swell and the swelling
will increase as the amount of montmorillonite minerals
increases until the swelling pressure equals the vertical
pressure.
(3) If the total volume of bentonite is restricted, then the
montmorillonite will swell and occupy all the volume
available for the bentonite without increasing the overall
volume of it. The pressure caused by this process is known as
the swelling pressure.
Gens et al. (2006) showed that the formulation of ﬁne soil con-
tains two structural levels: a microstructure where the interactions
happen at the particle level and themacrostructure that accounts for
the overall fabric arrangement of the material comprising aggre-
gates and macropores. The effect of microstructure on macrostruc-
ture is controlled by the interaction functions and it depends on the
normalized distance to themacrostructural yield locus, however it is
necessary to carefully deﬁne the type of suction to be used. In the
macrostructure, the matric (or capillary) suction is the relevant one,
while the total suction may be required when dealing with the
microstructure. The use of the double structure system provides a
better way to include important variables to the shear strength
equations of the unsaturated soil. Gens et al. (2006) stated that the
ﬁrst case, which represents the combination sua and uauw,
simpliﬁes the modeling and offers the opportunity of tracing stress
paths (ua and uw are the air andwater pressures, respectively; and st
is the total stress). However, it has some difﬁculties in dealing with
the transition from an unsaturated state to full saturation and also in
modeling hysteresis effects. The second case improves the situation,
but it does not remove all difﬁculties and complicates simple stress
path predictions. The third case removes all the difﬁculties related to
modeling, but it complicates very much simple predictions because
of the complicated stress paths. The choice of the stress measure
combination is a matter of convenience and is chosen respective to
the problem at hand.
McCartneyetal. (2007)madearesearchtoﬁnd the inﬂuenceof the
suction on the coefﬁcient of soil permeability (k). The research was
done by using a soil model which was subjected to a downward ﬂowof water while the outﬂow ofwater and themoisture proﬁle through
the soil were measured. The results showed that k is particularly
sensitive to ﬂuctuations in the suction and water content, which can
cause errors in the gradient and negative moisture storage values.
Iravanian and Bilsel (2009) dealt with the properties of different
bentonite and sand (BeS) mixtures to be used as waste barrier. The
results showed that increasing sand content in the soil mixture will
decrease the air entry value of the soil water characteristic curve
(SWCC), and the slope of the curve will also reduce with the in-
crease in suction, indicating a reduction in the unsaturated hy-
draulic conductivity.
Agus et al. (2010) performed a research on different mixtures of
the CaeBeS mixtures by using different suction measurement
techniques. The samples (dynamic, static and loose states) were
compacted by different methods. The results showed that the total
suction is a function of water content and bentonite percentage,
and it is not inﬂuenced by the pore geometry or fabric (void ratio).
The study also revealed that the as-compacted suction measure-
ments do not represent the true suction, because the mixture re-
quires long period of time in order to distribute the water content
within the soil.
Ajdari et al. (2010) carried out experimental studies on the soil
water retention curve (SWRC) of a mixture of silt-bentonite soil.
The suction was controlled by the osmotic method and the vapor
equilibrium technique. The results were veriﬁed by the ﬁlter paper
method. The inﬂuence of the suction on the soil shear strength was
investigated by using the direct shear apparatus. The results show
that for all suctions, the soil shear strength increases with the in-
crease in vertical stress, and the soil dilation only happens when
the suction is higher than the air entry value of the micropores.
Zumrawi (2013) studied the swelling potential of compacted
expansive soil and its relationwith the soil state (water content, dry
density, void ratio and surcharge pressure) and the soil type
(plasticity index and clay content). The study revealed a linear
relation of the swelling potential and the initial factor represented
by soil state and type. The coefﬁcients of the linear relation (con-
stant and slope) were found to depend on the clay content, plas-
ticity index and surcharge pressure.
The aim of this study is to model the behavior of expansive soil
within the framework of unsaturated soil mechanics. The work is
directed to predict the volume changes associated with the changes
in soil suction. The behavior of an expansive unsaturated soil (BeS
mixture) subjected to wetting for different periods of time is moni-
tored to record the changes in the soil suction, swelling, water con-
tent and degree of saturation. The results are compared with a non-
expansive unsaturated soil (kaolin) subjected to the same conditions.
2. Materials and methods
The behavior of expansive unsaturated soil during the satura-
tion stage can be better understood through the use of carefully
monitored laboratory experiments. The details regarding the ma-
terials used, model preparation, steel container, testing procedure
and program to perform the work are presented in this section.
2.1. Materials used
An appropriate soil must be selected in order to study the effect
of the change in matric suction on the volume changes of the
expansive soil. The selection of the soil was directed towards
obtaining good results and reducing the possible experimental
difﬁculties. The soils usedwere of lowand high plasticity in order to
provide a comparison between them. Bentonite was mixed with
sand at a preparation percentage of 80% of bentonite and 20% of
sand (80: 20) at dry weight.
Table 1
Physical properties of soils used.
Physical properties Bentonite Kaolin Sand BeS Speciﬁcation
Speciﬁc gravity, Gs 2.86 2.72 2.68 2.83 ASTM D854-00
(2000)
Liquid limit, LL 145 39 Non-plastic 104 ASTM D4318-00
(2000)
Plastic limit, PL 50 22 Non-plastic 41 ASTM D4318-00
(2000)
Plasticity index, PI 95 17 Non-plastic 63 ASTM D4318-00
(2000)
Clay content (%) 78 44 2.32 55 ASTM D422-02
(2002)Silt content (%) 16 20 23
Sand content (%) 6 36 97.68 22
Activity, A (%) 1.22 0.39 1.15
Optimum water
content (%)
37 19.5 28 ASTM D698-12
(2012)
Maximum dry unit
weight,
(gdry)max (kN/m3)
13.6 17.79 15.15 14.98 ASTM D698-12
(2012)
Minimum dry unit
weight (kN/m3)
12.5 ASTM D4254-00
(2000)
Coefﬁcient of
curvature,
Cc for sand
0.805 ASTM D4254-00
(2000)
Coefﬁcient of
uniformity,
Cu for sand
1.75
Initial void ratio, e 1.1 0.53 0.77 0.89
Soil symbols
according to
Uniﬁed Soil
Classiﬁcation
System
CH CL SP CH ASTM D2487-00
(2000)
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(80: 20) based on the plasticity required. Kaolin was also used to
represent the low-plasticity non-expansive soil. Both the bentonite
and kaolin samples were supplied from a site west of Baghdad City,
while the sand used was from Ali Al-Gharbi City in Missan Gover-
norate south of Baghdad in Iraq (Fig. 1).
The physical properties of the soils used were determined ac-
cording to the ASTM speciﬁcations, as listed in Table 1. The chemical
analysis of the soils was done for measuring the CaO, MgO, SiO2 and
Na2O concentrations as presented in Table 2. The classiﬁcation of
the soils according to different criteria describing soil swelling is
illustrated in Table 3.
Fig. 2 shows the grain size distribution of the soils used. The wet
sieving test according to ASTM D1140-00 (2000) was used for
kaolin, bentonite and BeS mixture together with the hydrometer
test, while the dry sieving test according to ASTM D422-02 (2002)
was used for sandy soil. The classiﬁcation of soils together with soil
composition is presented in Table 1. Fig. 3 shows the standard
compaction (Proctor test) curves of the soils used in the study, and
the test was carried out according to ASTM D698-12 (2012). The
compaction increases the soil strength, and decreases the soil
permeability, compressibility and shrinkage due to the reduction in
soil void ratio (Mitchell, 1993).
The soil compacted at the dry side of optimum water content
has a dispersed structure. This phenomenon happens because, at
the dry side, the particles or groups of particles are arranged in
horizontal planes since the hammer does not penetrate the soil.
However, on the wet side, the hammer does penetrate the surface
because of the soil failure under the hammer face (Mitchell, 1993).
Fig. 3 shows that the bentonite has the highest optimum water
content as compared to the other soils. The bentonite is known as
having higher sportive forces since bentonite possesses surface
electrical charges. Addition of sand to the bentonite reduces the
water content by reducing the surface area responsible for
absorbing water as compared to pure bentonite. Also the dry unit
weight of bentonite increases with the sand addition depending on
the particle size distribution and the coefﬁcient of uniformity of the
soil (Agus et al., 2010).
The sandy soil in Fig. 3 shows one and a half peak curve shape
which was attributed by Lambe and Whitman (1979) to the capil-
lary force phenomenon known as bulking.2.2. Testing procedure
2.2.1. Suction measurement
The suction measurement technique used was by the “tensi-
ometer” or “Irrometer”, as shown in Fig. 4. The device isFig. 1. Soils used inmanufactured by the Irrometer Company in California, USA. The
Irrometer is able to measure the soil suction in a range of 0e
100 kPa. It is able to detect the changes in soil water content within
several hours after installation; in the case of poor drainage soil, it
may take longer time.2.2.2. Model preparation
Dependingon the compaction curve as shown in Fig. 3, twopoints
have been chosen for both the kaolin and the BeS mixture from the
dry side of optimum water content to be used in the model. The
samples are not chosen from thewet side of optimumwater content,
since the degree of saturation is higher than 90% which results in
signiﬁcantly lowmatric suction (Vanapalli and Taylan, 2012). Table 4
shows the amount of soil used in the model which was determined
according to the dry unit weight and the water content corre-
sponding to the two points selected from the compaction curve.experiments.
Table 2
Chemical properties of soils used.
Soil type Chemical substance content (%) pH value
SO3 Organic matter Gypsum Total soluble salts SiO2 CaO Na2O MgO Cl
Bentonite 2.27 0.59 4.7 6.1 51.92 1.96 0.13 0.27 0.17 9.14
Kaolin 0.23 0.07 0.4 0.69 51.22 4.8 0.9 3.2 0.08 9.25
Sand 0.05 0 0.11 0.15 55.55 11.25 1.73 3.9 0.06 8.65
Table 3
Classiﬁcation of soils according to different criteria.
Soil criteria BeS mixture Kaolin
LL (Chen, 1975) Very high Medium
PI (Holtz and Gibbs, 1956) Very high Medium
PI (Chen, 1975) Very high Medium
Expansion index, EI Very higha Lowa
Clay content Very high Medium
a The results were taken for samples at the optimum water content and
maximum dry unit weight.
Bentonite
B mixture
Fig. 2. Grain size distribution of soils.
Fig. 4. Irrometer for soil suction measurement.
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because the BeSmixturewas found to be able to absorbwater up to
15%water content in storage at ambient humidity and temperature,
while kaolin is able to absorb about 1% moisture at the same con-
ditions, but it is also oven-dried before use. The soils were allowed
to cool down to reach the room temperature.Bentonite
B mixture
Kaolin
(k
N
/m
3 )
Fig. 3. Compaction curves of soils.Every 10 kg of soil was mixed thoroughly with the required
amount of water by hands till completing the whole quantity, and
then saved in two plastic bags for a period not less than 4 d to
provide an even distribution of water within the soil as suggested
by Agus et al. (2010) and Vanapalli and Taylan (2012). By using the
moist tamping system as recommended by Mulilis et al. (1975),
Chiu and Shackelford (1998), Chao (2007), and Sudjianto et al.
(2009), the soil was compacted in the box in 10 layers, and the
depth of each layer was 5 cm to reach a full depth of 50 cm (Fig. 5).
The sides of the wall were lubricated with kerosene. Each layer was
scratched by a spatula in order to provide a good contact between
the compacted layers. A hammer (12.5 kg) was used to compact the
soil in the box to reach the required density. The density of each
layer was checked by using an oedometer ring which has constant
dimensions of 50 mm in diameter and 19 mm in height, and the
water content of each layer was also checked.
2.2.3. Metal boxes
Two metal boxes were used with inner dimensions of 70 cm in
side length of square base and 60cm inheightmade as one piece. The
base of each box has 24 holes to allow the entrapped air to escape
during the saturation stage, as shown in Fig. 6. The holes were
covered with ﬁlter paper which was glued to the base of the box.
2.2.4. Model footing
Themodel footingwasmade of square aluminumplate of 8 cm in
side length and 1 cm in thickness. The footing was placed in a way
that the center of the footing coincided with the center of the bed of
soil. It was then brought in contact with the top surface of soil. The
footing was supplied with two wings made of aluminum plate with
1 mm in thickness to support the dial gages attached to the sides of
the frame with two magnetic holders, as shown in Fig. 7.
2.2.5. Saturation of the tensiometer
According to the Irrometer manual, the Irrometer ceramic tip
must be fully saturated and air free before inserting the Irrometer
to soil. The saturation process of the Irrometer was done as
mentioned below.
After removing the plastic wrappers from the tip, the top plastic
cover was removed, the tensiometers were placed in plastic bucket
Table 4
Amount of soil used in the large model.
Soil type Water content (%) gdry (kN/m3) Soil mass used (kg)
BeS mixture 23 14.7 359.2
25.5 14.9 365
Kaolin 15 16.7 409.2
17 17.6 431.2
Fig. 5. Hammer used in compaction process.
Fig. 6. The 24 holes in box base.
Fig. 7. Model footing with two wings.
4B
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were ﬁlled with distilled water. This water was allowed to drain
through the tensiometer tip over night. Extracting the air bubbles
from the tip by applying the vacuuming before or after installation,
this process should be repeated until no air bubble was shown. The
tensiometers were transported to the soil with covering the tip
with wet towel to prevent drying after ﬁlling the Irrometer with its
solution.Fig. 8. The model setup (not to scale). 1 e Steel container; 2 e Bed of soil; 3 e
Tensiometer; 4 e Pressure cell; 5 e Aluminum square footing; 6 e Dial gauge.2.2.6. Model setup
After preparation of the bed soil within the box, two tensiom-
eters #1 and #2 were then installed at the depths of 15 cm and
30 cm, respectively, to measure the soil suction at the effective
depths 2B and 4B below the footing, where B is the footing width.
The tensiometers were inserted using the coring unit supplied with
them to provide the required diameters, and intimate contact be-
tween the soil and the tensiometers must be provided to prevent
accumulation of water at the base of them through cavitiesbetween the soil and the sides of the tensiometer, as shown in
Fig. 8. To prevent such a case, the soil was banked up around the
plastic tube of the tensiometers to a height of 3e4 cm.
After placing the footing, two dial gages of 0.01 mm resolution
were then placed at the footing and attached to the sides of the box
by two magnetic holders. The average values of measured settle-
ment and swelling were recorded. The soil was then covered with
thin plastic sponge (the one used as ﬁlter in the cooling system) to
allow uniform distribution of water during the saturation stage as
suggested by McCartney et al. (2007) (Fig. 9).2.2.7. Model saturation process
After completing the model setup, two approaches of soil
saturation were followed. The ﬁrst approach was the complete
saturation until both tensiometer readings approach to zero for two
samples. For the kaolin with 15% water content, the required time
for saturation was 47 d. While for the BeS mixture with 23% water
content, the saturation time was 45 d. The second approach of
saturation was to saturate the remaining samples for 10 d.
The saturation process was done by allowing the water to pass
through the soil in a downward direction (from top to bottom of the
model) under the effect of gravity alone as proposed by McCartney
et al. (2007) and Vanapalli and Taylan (2012). To make sure that the
samplewould never dry, a ﬂoater was installed tomaintain a steady
level of water above the soil.
Fig. 9. Soil saturation process.
Fig. 10. Extractor tool for water content sample.
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The water content was measured for the two soils during the
saturation process with the aid of special water content extractor
tool. This tool was manufactured from a galvanized water pipe of
2.54 cm in diameter with a smaller diameter rod used to push the
soil from the pipe, which was ﬁlled with soil after inserting the pipe
to the required depth (Fig. 10).
The water content samples were taken from the soils prepared
in the samewaymentioned above and ﬁlled two small metal boxes.
This test was not done in the large-scale model in order to prevent
disturbance to soil. These boxes are 25 cm in side length of square
base and 35 cm in height. The soil was remolded in these boxes in
ﬁve layers, and each layer was 5 cm in thickness to reach a full
height of 25 cm. One tensiometer was inserted at 20 cm depth and
the downward saturationwas followed till the tensiometer reading
approached to zero. The water content samples were taken when
there was a major drop in suction.
The soil shear strength was measured in the large-scale model
in the above states using the vane shear device before and
throughout the test.
3. Results and discussion
Ten tests were performed on both the kaolin and the BeS
mixture representing different degrees of saturation by testing the
samples after subjected to different periods of saturation. Table 5
shows the initial and ﬁnal conditions of these soil samples and
the periods of saturation.
According to Vanapalli et al. (2003), the saturated soil with zero
suction could have a degree of saturation less than 100%, and as
time elapses, the degree of saturation will be 100% as air is dissi-
pating from voids with time.
3.1. Relation between void ratio and undrained shear strength
Fig. 11 shows the relations between the void ratio and the un-
conﬁned shear strength of BeS mixture (BeS1) and kaolin (K1) un-
der the effect of wetting, respectively. It displays that with the
increase in void ratio, the undrained shear strength decreases, and
this relation is linear for the BeSmixture but nonlinear for thekaolin.
According to Sivapullaiah et al. (1996), the decrease in dry
density causes an increase in void ratio of the soil due to the soil
wetting, which leads to an increase in interparticle spacing and a
decrease in osmotic pressure between the clay platelets and thusthe interparticle contact will decrease, causing a decrease in soil
shear strength.
3.2. Relation between degree of saturation and settlement at failure
Fig. 12 shows the relations between the degree of saturation and
the settlement at failure for BeS mixture and kaolin, respectively.
One can see that the settlement increases with the increase in
degree of saturation for both soils. This may be attributed to the
effect of the negative pore water pressure which increases the soil
cohesion and stiffness and reduces the settlement.
However, the settlement observed in BeSmixture is higher than
that in kaolin due to the effect of higher swelling observed in BeS
mixture and the huge amount of water absorbed which trans-
formed the soil to highly compressible soil. The compressibility of
soil increases with increases in swelling and percentage of
bentonite (Muntohar, 2004).
The settlement in the case of partially saturated soil is lower
when compared to fully saturated soil, i.e. 12.16 mm for K1 and
36 mm for K5, and 13.9 mm for BeS1 and 52.1 mm for BeS5,
respectively. This conclusion coincides well with the general idea
that the partially saturated soil compression is lower than fully
saturated soil, since the friction in the partially saturated soil is
higher and the excess pore water pressure is lower (Fattah and
Kadhim, 2009).
Burland (1965) attributed the decrease in compressibility with
the increase in soil suction to increasing local normal stress be-
tween the particles created by increasing the capillary or negative
pore water pressure.
Zumrawi (2013) and Changiz et al. (2010) showed that there is
an inverse linear relation of the swelling percentage and the
swelling pressure with the initial water content if the dry unit
weight is constant, while a linear relation of the swelling per-
centage and swelling pressure with the initial dry unit weight may
be obtained if the initial water content is constant. The same
Table 5
Initial and ﬁnal conditions of soil samples.
Sample ID Final conditionsa Time of
saturation (d)
Initial conditions
Undrained shear
strength (kPa)
Water
content (%)
Dry unit
weight (kN/m3)
Degree of
saturation (%)
Undrained shear
strength (kPa)
Water
content (%)
Dry unit
weight (kN/m3)
BeS1 248.5 23 14.7 70.4 248.5 23 14.7
BeS2 230 24.9 14.8 77.3 230 24.9 14.8
BeS3 8 58.3 9.98 89.9 10 248.5 22.7 14.3
BeS4 5.25 59.8 9.95 91.8 10 230 24 14.9
BeS5 1.5b 60.7b 9.9b 92.4 45 248.5 23.8 14.7
K1 102.5 15.5 16.2 62 102.5 15.5 16.2
K2 90 17 17.6 84.8 90 17 17.6
K3 12.5 22.9 16 89 10 102.5 15.5 16.7
K4 6.5 23.7 15.97 91.7 10 90 17.2 16.9
K5 2.5b 27.4b 15.2b 94.4 47 102.5 13.8 16.7
a The water content, dry unit weight and undrained shear strength were measured at the end of each test at 15 cm depth below the footing.
b These properties were measured at 30 cm depth below the footing. The depth was selected to be out of the inﬂuence zone below the footing larger than 2B.
(a)
(b)
(k
Pa
)
Voi
(k
Pa
)
Fig. 11. Relations between void ratio and undrained shear strength for (a) BeS mixture
and (b) kaolin.
(a)
(b)
Fig. 12. Relations between settlement and degree of saturation for (a) BeS mixture and
(b) kaolin.
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since both the initial water content and the initial dry unit weight
are not constant.
3.3. Relations obtained from soil samples subjected to saturation
Six tests were performed in the large-scale model. Samples (Be
S3, BeS4, BeS5, K3, K4 and K5) were allowed to saturate under the
effect of the downward movement of water ﬂow and the relations
were described below.
3.3.1. Suction versus time relation
Fig. 13 shows the suction versus time for BeS mixture. Fig. 14
shows the same relation for kaolin. Direct measurements at highsoil suction greater than 100 kPa are not available, since the
maximum range of the tensiometer used is 100 kPa. Osmotic suc-
tion measurement methods are not presented, since the suction is
expected to be small and insigniﬁcant for expansive soil heave
movements (Smith, 2003).
The matric suction seems to decrease with elapsed time from
top to bottom of tensiometers due to the effect of water ﬂowing
from top of the specimen. It can be noticed that the response of the
tensiometer reading at ﬁrst of the saturation process is lower than
that at later period of saturation (i.e. in Fig.13a of the soil sample Be
M.Y. Fattah, A.H.S. Al-Lami / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 629e639636S3, the tensiometer #1 took 3 d to drop from 93 kPa to 80 kPa at
early stage, while the same tensiometer took 2 d to drop from
60 kPa to 20 kPa). This behavior could be attributed to the time
required for the higher suction values to stabilize which is longer
compared to the time taken for lower suction values. The sampling
intervals are different for different samples depending on the
period of saturation. It is not easy to take a large number of samples
during long periods. The tensiometer used in tests, i.e. Irrometer,
has low sensitivity to small changes in suction especially when the
range of suction values increases. The faster response for lower
suction could be attributed also to the capillary conductivity of the
soil. The suction capillary value of a soil decreases with increasing
suction. A low capillary conductivity induces a lower transfer rate of
water from the probe to the soil, thus increasing the time requiredS3.
S4.
(c) B S5.
Time (min)
Time (min)
Time (min)
Fig. 13. Variations of suction with time for BeS mixture.for stabilization of the suction reading. Awater retention test would
help with discussing the results which consider the SWCC.
Shuai (1996) divided the soil into three distinct zones (saturated,
transition, and high matric suction zones) from top to bottom,
respectively. Large matric suction changes happened in the satu-
rated zone, and these larger changes in soil matric suction were
attributed to the drop in coefﬁcient of permeability when the soil
tended to be saturated. As time proceeded, the saturated zone
advanced to penetrate deeply as the water continued to move
downward (i.e. BeS4 in Fig. 11awhere suction dropped from 88 kPa
to 9 kPa).
A time delay of about 14 h was noticed between adding water to
the soil and the response of the tensiometer. The same behavior
was noticed by Vanapalli et al. (2003), even though the time of
response was higher in this research than that in Vanapalli et al.
(2003), where their response time was 10 h Vanapalli et al.
(2003) attributed this to the permeability of the soil where it
increased with the decrease of soil suction due to the larger pores
which have been ﬁlled with water.
The results in this study are in good agreement with those of
Shuai (1996) who tried to formulate a theoretical equation to pre-
dict the swelling potential of expansive soils through different tests
(e.g. free swell oedometer test, constant suction consolidation test),
Vanapalli et al. (2003) and McCartney et al. (2007) who made re-
searches on the effect of suction on the soil coefﬁcient of
permeability.
The soil compacted at the dry side of optimum water content
has a dispersed structure. This phenomenon happens because, at
the dry side, the particles or group of particles are arranged in
horizontal planes since the hammer does not penetrate the soil.
However, on the wet side, the hammer does penetrate the surface
because of the bearing capacity failure of the soil under the
hammer face (Mitchell, 1993). For this reason, specimen on dry side
of optimum water content and at optimum water content shows
more resistance to deformation than that at wet side of optimum
water content, where the soil strength and stiffness increase with
the increase in soil suction as stated by Nishimura and Vanapalli
(2004).
According to Ameta et al. (2008), the swelling pressure increases
with the increase in dry unit weight and decreases with the in-
crease in initial molding water content, however, the effect of the
initial molding water content is more effective than the dry unit
weight in reducing or increasing the swelling pressure especially on
the dry side of optimum water content.
According to Gordana (2009), the unsaturated shear strength
depends on the draining velocity. The larger the pores are, the
higher the draining velocity is. Accordingly, the decrease in shear
resistance is very fast and abrupt since the soil on the dry side of
optimumwater content is more like an open structure than the wet
side, making the draining velocity higher at the dry side than on the
wet side.
3.3.2. Swelling versus suction relation
Fig. 15 shows the relation of the average suction measured by
the two tensiometers at the depths of 15 cm and 30 cm with
swelling percentage for BeS mixture, while Fig. 16 shows the same
relations for kaolin. The swelling percentage S is deﬁned as
S ¼ DH=Hi (1)
where DH is the change in sample height, and Hi is the initial
sample height.
Figs. 15 and 16 reveal that the suction decreases while the
swelling increases under the effect of wetting. The results are in
good agreement with those of Huat et al. (2005) and Sudjianto et al.
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Fig. 15. Relations between swelling and average suction for BeS mixture.
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in interparticle contact forces due to the decrease in soil suction,
and the soil particles will move away from each other, causing the
increase in soil volume and decrease in soil dry unit weight.
However, for samples BeS3, BeS4, K1 and K2, at last two points,
the suction seems to increase with the swelling. This may be
attributed to the conditions of these tests where the ﬂow of water
stopped in the last two days of the test. The same behavior was
observed by Vanapalli et al. (2003).
According to Shuai (1996), most of the swelling within the soil
happens in and near the saturated zone. The small increase in
suction in Fig. 15b can be attributed to soil rebound after saturation
and movement of soil particles.
There is no great distinction of the vertical displacement in the
degree of saturation around 70%e85% in BeSmixture and 60%e85%
in kaolin. This can be attributed to small strain encountered in the
soil when the degree of saturation is small. In such a particulate
material, the small strain stiffness is highly determined by thecontacts between soil particles, because at small strains, soil
deformation mainly depends on the elasticity of the soil particles
and the interparticle contacts.
Despite the high swelling potential, if water content of the soil
remains unchanged, then the structure on expansive soil will not be
affected by heaving. However, if the moisture within the soil
changes slightly by 1%e2%, then the soil will produce volume
changes in both directions horizontally and vertically even if the soil
does not reach the full saturation. In fact, at full saturation condition,
the cracks within the structure will not be as severe as those when
the soil is partially saturated (Sivapullaiah et al., 1996). So the initial
water content controls the amount of swellingwithin the soil. This is
true for undisturbed and remolded samples (Chen, 1975).
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Fig. 18. Relation between swelling and water content during wetting for kaolin. The
initial water content is 21%.
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constant or short, representing the change of soil state from
partially saturated where the voids are ﬁlled partially with air to
approximately fully saturated.
3.3.3. Relation between swelling and water content under wetting
Fig. 17 shows the relation between the swelling and the water
content for BeS mixture. The sample was prepared with initial
condition of 51.5% water content and 14.66 kN/m3 dry unit
weight, where the soil was allowed to swell vertically under
downward water movement, and the water content, suction and
swelling were monitored with time. Fig. 18 shows the same
relation for kaolin which was prepared and tested by the sameway with 21% initial water content and 16.5 kN/m3 initial dry
unit weight.
The results show that the soil swelling increases with the in-
crease in water content due to increasing water absorbed by soil
particles. The amount of water absorbed by BeS mixture is much
higher than that by kaolin due to the high surface area of mont-
morillonite mineral in the bentonite. The results are in good
agreement with those of Sudjianto et al. (2009).
It can be noticed that after a steady state condition, the samples
tend to exhibit further swelling. This can be illustrated by full
saturation of the samples which means ﬁlling of all the voids.
Therefore, any extra-water will cause increase in voids between the
solid particles (swelling).
4. Conclusions
Based on the experimental results of partially saturated
expansive soil subjected to wetting beneath a strip footing, the
following conclusions can be drawn:
(1) The suction within the soil tends to decrease with the in-
crease in soil water content due to the wetting process. On
the other hand, the suction decreases with the increase in
soil swelling under wetting due to decrease in interparticle
contact forces, causing the particles to move away from each
M.Y. Fattah, A.H.S. Al-Lami / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 629e639 639other. The amount of water absorbed by BeSmixture is much
higher than that by kaolin due to the high surface area of
montmorillonite mineral in the bentonite.
(2) The response of the tensiometer at early stage of saturation is
lower than that at later period of saturation, because the time
required for higher suction to stabilize is longer than the
stabilization time of lower suction. The suction capillary
value of soil decreases with the increase in soil suction and
that will cause a lower transferring rate of water from the
probe to the soil, suggesting a longer time for stabilization.
(3) The settlement of each soil at failure increases with the in-
crease in degree of saturation, since the suction reduces the
soil ability to deform. The settlement observed in BeS
mixture is higher than that in kaolin due to the effect of
higher swelling of BeS mixture and the huge amount of
water absorbed which transforms the soil to highly
compressible one.
(4) The suction seems to decrease with elapsed time from top to
bottom of tensiometers due to the effect of water ﬂow from
top of the specimen. The response of the tensiometer reading
was different for different samples (for soil sample BeS3, the
tensiometer #1 took 3 d to drop from 93 kPa to 80 kPa at
early stage, while the same tensiometer took 2 d to drop from
60 kPa to 20 kPa).Conﬂict of interest
Wewish to conﬁrm that there are no known conﬂicts of interest
associated with this publication and there has been no signiﬁcant
ﬁnancial support for this work that could have inﬂuenced its
outcome.
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